A comparative study of melting and non-melting flesh peach cultivars reveals that during fruit ripening endopolygalacturonase (endo-PG) is mainly involved in pericarp textural changes, not in firmness reduction 
Introduction
Fruit ripening is a highly coordinated and genetically programmed event. It is characterized by a number of physiological and biochemical changes that finally lead to the development of a soft edible ripe fruit with desirable quality attributes (Prasanna et al., 2007) . Fruit softening is one of the major ripening-related phenomena that determine fruit quality and post-harvest life. Its extent varies according to different fruits and involves multiple coordinated processes, including disassembly of polysaccharide networks in the primary cell wall and middle lamella, and transpirational water/turgor loss (Rose and Bennett, 1999; Brummell and Harpster, 2001; Saladiè et al., 2007; Vicente et al., 2007) .
Attempts to understand the molecular mechanism of fruit softening have led to the investigation of cell wall polymers, their compositional changes, and the related cell walldegrading enzymes during ripening (Knee, 1978; Prasanna et al., 2007) . A major structural change in the cell wall during ripening is the degradation of polyuronides. A single cell wall enzyme, endopolygalacturonase (endo-PG; EC 3.2.1.15) which catalyses the hydrolytic cleavage of a-(1-4) galacturonan linkages, has been implicated as the primary agent in the extensive changes in pectin structure that accompany the ripening of many types of fruit (Hadfield and Bennet, 1998; Brummell and Harpster, 2001) . In climacteric fruit, whose texture alters considerably during ripening, a maximum loss of firmness has been directly correlated with a rapid increase in endo-PG activity (Roe and Bruemer, 1981; Pressey, 1986) . However, using a transgenic approach, it has been shown that PG alone is not necessary or sufficient to cause fruit softening in tomato (Giovannoni et al., 1989) . In addition, a recent re-evaluation of the key factors that influence tomato softening and integrity revealed the clear distinction between complex textural changes in the pericarp flesh, which are directly affected by wall metabolism, and the reduction in firmness of fruit, which is influenced by multiple factors, including cuticle composition. To date, the specific contribution of endo-PG to fruit softening remains an open question (Tomassen et al., 2007) . Moreover, endoPGs, despite similar catalytic properties, differ from fruit to fruit. Thus it is necessary to study this enzyme individually in the fruit of choice (Prasanna et al., 2007) .
In peaches (Prunus persica L. Batsch) a close relationship between endo-PG activity and fruit softening has been reported (Morgutti et al., 2006) . In this climateric fruit, softening occurs in two stages. Tissue firmness decreases slowly and progressively in the first stage, whereas in the second stage loss of tissue firmness is rapid. This last phase of softening is called the 'melting' stage (Lester et al., 1994) . According to fruit firmness and texture characteristics, peach cultivars are usually classified as melting flesh (MF) or non-melting flesh (NMF). MF peaches are usually grown for the fresh market. They are left to ripen on the tree in order to achieve maximum quality, and show a propensity to mechanical damage and decay during shipping and handling. Unlike MF peaches, NMF cultivars are traditionally grown for canning purposes since the fruit maintain their integrity after undergoing heat processing. These NMF cultivars, however, lack the red colouration, acidity, and aroma of commonly grown dessert-type MF fruit (Brovelli et al., 1999) . The MF phenotype is associated with a large increase in the amount of soluble pectin and progressive pectin depolymerization. In contrast, NMF peaches lack the final melting phase of softening so that the fruit remains relatively firm when fully ripe and pectins undergo little solubilization or depolymerization (Brummel et al., 2004) .
The melting phase of MF peaches is also associated with marked increases in gene expression and enzymatic activity of endo-PG (Pressey and Avants, 1978; Orr and Brady, 1993; Lester et al., 1994; Trainotti et al., 2003) , whereas NMF fruit have less ripening-related endo-PG expression and activity (Pressey and Avants, 1978; Lester et al., 1994) . Recently, Morgutti et al. (2006) detected an endo-PG protein not only in MF but also in NMF varieties of peaches, excluding the previously reported hypothesis that the NMF phenotype may be caused by a partial or complete deletion of the endo-PG gene (Lester et al., 1996; Callahan et al., 2004) . The same authors showed that the levels of this endo-PG protein were higher and increased with softening in MF fruit, but remained lower and were constant in NMF fruit. They proposed that different levels of endo-PG are caused by the differential expression of an endo-PG gene, suggesting a regulation of endo-PG production at the transcriptional level. Nevertheless, the authors did not exclude an additional regulation at the translational or post-translational level.
In this study, morphological and immunolocalization techniques along with a functional proteomic approach were used to investigate the contribution of the endo-PG protein to softening during peach ripening. Changes in tissue morphology, endo-PG localization, and endo-PG isoforms were examined during ripening in MF (Bolero, Springbelle and Springcrest) and NMF (Oro-A and Jonia) cultivars, as well as in a slow-ripening (SR) mutant.
Materials and methods

Plant material
Peach (P. persica L. Batsch) accessions grown at the Experimental Orchard of the Arboriculture, Viticulture, Forestry and Landscape Department of the University of Bologna (Italy) were used. Fruit from different NMF and MF accessions were monitored on the tree during ripening. The NMF/MF phenotype was assessed by sensory evaluation at the eating-ripe stage. Accessions considered were 'Oro-A' and 'Jonia' for the NMF phenotype and 'Bolero', 'Springbelle', and 'Springcrest' for the MF phenotype. For each accession, all the fruit were harvested at the same time, when the very first fruit on the tree were physiologically ripe. All the fruit could be considered to be in stages 3-4 (Westwood, 1978) and covered the range from immature (full size fruit, no softening) to ripe [at and after the climacteric peak, with a fruit firmness of <20-30 Newtons (N)]. The SR peach mutant (Tataranni et al., 2010) , characterized by fruit development arrest in the pre-climateric phase with the absence of the typical maturation processes, was also investigated.
Immediately after harvest, all of the fruit from each accession were divided into ripening classes (Table 1) , based on ethylene production and epicarp ground colour as a maturity index (Delwiche and Baumgardner, 1985) . Ethylene was measured according to Benedetti et al. (2008) : whole, healthy fruit were placed individually in 1.1 l glass jars in a thermoregulated (2061°C) chamber with 95% relative humidity. Ethylene analysis (DANI 3800 gas chromatograph, DANI Instruments S.p.A., Cologno Monzese, Italy) was performed on gas samples (1 ml) collected from the headspace of the jars after 1 h of hermetic closure. Epicarp colour parameters and flesh firmness measurements (expressed in N) were performed according to Morgutti et al. (2006) . Ethylene treatment of SR fruits was performed according to Ghiani et al. (2007) .
Fresh tissues (exocarp and mesocarp) were immediately embedded for microscopy studies, or diced, frozen in liquid nitrogen, and stored at À80°C for further experiments.
Extraction of total RNA and gene expression analysis Total RNA was extracted from frozen fruit samples following the protocol of Lester et al. (1994) . RNA yield and integrity were checked by UV absorption spectra and electrophoresis in an agarose gel, respectively.
RNA gel blot analysis was performed according to Hayama et al. (2003) with some minor modifications. Total RNA (20 lg per lane) was separated by electrophoresis in 1.5% (w/v) agarose gel containing 8% formaldehyde and transferred to nylon membranes [HybondN+ (GE Healthcare Europe)]. Membranes were prehybridized for 2 h in a high SLS buffer [50% (v/v) deionized formamide, 53 SSC, 8% (w/v) SLS, 53 Denhardt's solution, 50 mM sodium phosphate pH 7.0, and 100 lg ml À1 heatdenatured sheared salmon sperm] and hybridization was performed overnight in the same buffer containing a [a-32 P]dATPlabelled probe at 60°C. The endo-PG probe was obtained by PCR from the PRF5 endo-PG cDNA sequence (Lester et al., 1994; Murayama et al., 2009 ) using the two primers: forward, 5#-CCGTAGAAGCCTCTTTTCTC-3#; and reverse, 5#-CCTCAGTTGTTCCATCTGCA-3#. Following hybridization, membranes were washed twice for 15 min with 0.13 SSC and 0.1% SDS at 68°C and then exposed to X-ray film (Kodak Ò BioMaxä XAR Film, Sigma-Aldrich).
In order to study the expression of genes similar to endo-PG, RNA extracted from peach fruits was also used for reverse transcription-PCR (RT-PCR) experiments. For cDNA synthesis, a GeneAmp EZ rTth PCR kit from Applied Biosystems was used according to the manufacturer's instructions. The cDNA was eluted 10 times and used as template for PCR analysis with genespecific primers, designed on discriminating sites of their transcripts (Supplementary Table S1 available at JXB online). Nucleotide sequences were compared by multiple sequence alignment with BioEdit-ClustalW (http://www.mbio.ncsu.edu/bioedit/page2.html). The 50 ll reaction mixture contained 10 pmol of each primer, 13 PCR buffer (50 mM KCl, 1.5 mM MgCl 2 , 10 mM TRIS-HCl), 1 mM of dNTPs, and 1 U of Taq DNA polymerase (Pharmacia Biotech). The following cycling conditions ensured optimal primer selectivity: after a first step of 3 min at 94°C, 30 cycles of 94°C for 40 s, optimal annealing temperature for each primer (see Supplementary Table S1 ) for 1 min, and 72°C for 1 min were performed.
Comparison of the sample signal intensities was carried out using the Gel Doc 2000 image analysis system (BioRad, Milan, Italy).
Production of anti-endo-PG polyclonal antibody
To produce an antibody for the detection of endo-PG, two peptides, one from the N-terminal region (FLRDVVFSGPCKNNA) and one from the C-terminal region (CREIKLEDVKLTYKN) of the protein, were selected on the basis of the protein sequence [accession no. CAA54150; Lester et al. (1994) ] and synthesized by Sigma Genosys. At the C-terminus, both peptides were conjugated to keyhole limpet haemocyanin (KLH) carrier protein with EDC chemistry. These peptide-KLH compounds were injected into two rabbits. The antisera were affinity purified on the peptides for immunoblotting and immunolocalization. Antibody specificity was preliminarily tested by immunoblotting with peach protein extracts. Negative controls were performed by saturating the antibody with the peptides (1:1) at 4°C overnight.
Protein extraction and gel electrophoresis
The extraction of total proteins was performed using TRI Reagent (Sigma) according to the manufacturer's protocol. Protein extracts were dissolved in SDS sample buffer [2% (w/v) SDS, 10% (v/v) glycerol, 1 mM dithiothreitol (DTT), 62.5 mM TRIS-HCl, pH 6.8] or in IEF rehydration buffer [7 M urea, 2 M thiourea, 3% (w/v) CHAPS, 20 mM DTT, 0.5% (v/v) carrier ampholytes pH 3-10, 20 mM TRIS-HCl, pH 8.8] for one-or two-dimensional electrophoresis analysis, respectively. Protein concentration was assayed according to Bradford (1976) using bovine serum albumin (BSA) as standard.
One-and two-dimensional SDS-PAGE was performed as described by Laemmli (1970) and by Aina et al. (2006) , respectively. At least three samples for each peach accession were independently extracted and run in triplicate.
After electrophoresis (one-or two-dimensional), proteins were visualized by Colloidal Coomassie Blue [0.1% (w/v) Coomassie G-250, 34% (v/v) methanol, 3% (v/v) phosphoric acid, and 17% (w/v) ammonium sulphate] or gels were electroblotted for subsequent endo-PG immunodetection or detection of post-translational modifications (phosphorylation and glycosylation).
Western blot analysis
After gel electrophoresis, proteins were subsequently electroblotted (100 mA, overnight) onto polyvinylidene difluoride (PVDF) sheets (0.45 lm, Hybond P membrane, Amersham) by a Trans-Blot cell (Bio-Rad) containing transfer buffer [25 mM TRIS, 192 mM glycine, and 20% (v/v) methanol, pH 8.3] . Membranes were blocked with 5% (w/v) non-fat dry milk powder in TBS-T [20 mM TRIS, 150 mM NaCl, and 0.05% (v/v) Tween-20, pH 7.5] for 1 h and then incubated with anti-endo-PG (1 lg ml À1 ) for 90 min in TBS-T containing 1% (w/v) non-fat milk. After three rinses in TBS-T for 15 min each, membranes were soaked for 60 min with alkaline phosphatase-conjugated sheep anti-rabbit IgG (Sigma) diluted in TBS-T [1% (w/v) non-fat milk] at a ratio of 1:15 000. Endo-PG role in peach fruit texture and firmness | 4045
Membranes were then washed three more times with TBS-T. Immunoreactive bands were detected by Sigma Fast BCIP/NBT as an alkaline phosphatase substrate according to the manufacturer's protocol. Proteins immunodetected by anti-PG antibody were analysed by LC-ESI mass spectrometry which confirmed that the spots at ;45 kDa correspond to endo-PG proteins. Three independent experiments including at least three different samples were performed for each ripening stage. Endo-PG amounts, revealed by the anti-endo-PG antibody in the different samples, were compared by image analysis using the Gel Doc 2000 image analysis system (BioRad, Milan, Italy).
Post-translational modifications
Phosphatase treatment was performed on total protein extracts using lambda protein phosphatase (kPPase; New England Biolabs Inc.) following the protocol described by Yamagata et al. (2002) . After phosphatase treatment, peach extracts were subjected to two-dimensional PAGE as previously described (Aina et al., 2006) .
To detect glycosylated proteins, one-or two-dimensional membranes were stained using the Glycoprotein Detection Kit (Sigma-Aldrich) according to the manufacturer's instructions. This detection system is a modification of periodic acid-Schiff (PAS) methods and yields magenta bands with a light pink or colourless background (Zacharius et al., 1969) . The detection limit has been found to be in the range of 25-100 ng for carbohydrates depending on the nature and the degree of glycosylation of the protein. All staining and washing steps were performed with continuous, gentle agitation in a fume hood. As for endo-PG protein detection, three independent experiments including at least three different samples were performed for each ripening stage.
Microscopy and immunolocalization of endo-PG
Small pieces of the exocarp and mesocarp were cut and chemically fixed with 4% (v/v) formaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4 for 24 h at 4°C, then washed three times with the same buffer and dehydrated in an alcohol dilution series. After dehydration, samples were embedded in London Resin Gold (Polysciences Europe, Germany) following the manufacturer's procedure. Semi-thin sections (0.5 lm thick) were cut from resinembebbed tissue using a Reichert Jung Ultracut E microtome (Reichert, Au) and collected on poly-L-lysine-coated slides. For morphological analysis, sections were stained with 0.1% (v/v) Calcofluor White in distilled water for 5 min to show the cell walls. At least 100 sections from different fruits were examined for the two ripening stages with a Zeiss Axioplan microscope (Oberkochen, Germany), equipped with standard fluorescence filter sets and connected to a video camera (Media Cybernetics, Silver Spring, MD, USA). The digital images were analysed with the Image-Pro plus program (Media Cybernetics). For immunodetection of endo-PG, semi-thin sections were first blocked in 1% (w/ v) BSA dissolved in TRIS buffer (10 mM TRIS, 10 mM NaEDTA, and 100 mM NaCl, pH 7.4) for 1 h at room temperature, washed with TRIS for 10 min, and then incubated for 2 h with 0.2 ml of 5 lg ml À1 anti-endo-PG antibody in TRIS buffer plus 0.5% (w/v) BSA. After washing with TRIS buffer plus 0.2% (v/v) Triton, the slides were incubated with a diluted (1:200) goat anti-rabbit IgG (L+H) Alexa Fluor-488 (Molecular Probe) for 30 min. A negative control, in which the anti-endo-PG antibody was saturated with synthetic polypeptides in a ratio of 1:1, was included in each experiment. All slides were mounted in 95% glycerol in TRIS (1:1) and examined by a conventional or confocal microscope.
Statistics
Data were statistically analysed by the Statgraphics Plus program for Windows (Manugistic, MD, USA): the Student's t-test for twosample comparison, or analysis of variance (ANOVA) and Duncan test for multiple sample comparison, was applied when normality and homogeneity of variance were satisfied. Data which did not conform to the assumptions were alternatively transformed into logarithms or were analysed by Mann-Whitney or KruskalWallis non-parametric procedures (for two or multiple sample comparison, respectively).
Results
Morphological changes in MF and NMF fruit pericarp during ripening
In order to reveal the changes occurring in MF and NMF fruit pericarp (exocarp and mesocarp) during ripening, ;100 sections from at least five fruits for each accession were stained with the cellulose-binding fluorochrome Calcofluor White to show the cell wall. Representative pictures taken from MF (Bolero) and NMF (Oro-A) fruit sections, at unripe (U) and ripe (R) stages, as well as from the SR mutant are reported in Fig. 1 .
In all the analysed unripe fruit and in the SR mutant, pericarp was found to be composed of isodiametric swollen parenchymous adjacent cells, with cytoplasm confined to a narrow layer adjacent to the cell wall (Fig. 1) .
During ripening, morphological changes were observed in the exocarp and mesocarp of both NMF and MF fruit (Fig. 1) . Cell size variations, indicating changes in cell turgor, could be seen in both the cultivar types. In contrast, with the technique applied, a partial loss of cell adhesion was only observed in MF fruit, mainly in the mesocarp (Fig. 1  arrows) . To estimate the change in mean cell size observed in the sections, the mean cell number per mm 2 was calculated for the exocarp and mesocarp layers by image analysis. The mean number of NMF exocarp cells per mm 2 was significantly reduced in ripe fruit (<30 N), indicating an increase in cell size in the exocarp layer (P <0.05) during ripening. Morphologically the ripe cells appeared bigger and swollen. In contrast, the number of mesocarp cells per mm 2 was significantly (P <0.05) higher, indicating a decrease of cell size in this layer. Accordingly, the cells appeared wizened; they lost their turgidity. During softening, the loss of mesocarp cell turgidity was gradual and parallel to the loss of firmness. The same trend was observed in the MF cultivar, but changes were not statistically significant.
The partial loss of cell wall adhesion observed in ripe MF fruit occurred gradually during softening and was more marked in the mesocarp than in the exocarp (Fig. 1) .
Expression of endo-PG in ripening fruit
Endo-PG expression was investigated at the mRNA and protein levels by northern blotting and immunoblotting, respectively. Immunodetection was carried out by using a specifically developed and tested antibody (see Materials and methods).
RNA and protein expression was documented in all MF and NMF fruit (Fig. 2) except for unripe NMF and SR fruit. Nevertheless, a semi-quantitative comparison of the detected transcripts and proteins by image analysis revealed a markedly higher endo-PG signal intensity (P <0.01) in the MF cultivar at ripeness. As a positive control, SR fruit was treated with ethylene. The induced endo-PG transcript(s) and the related protein(s) can be observed in Fig. 2 , demonstrating the reliability of the methodology used to study endo-PG expression. Two-dimensional immunoblotting was performed to investigate the presence of endo-PG protein isoforms in different peach cultivars during ripening. Figure 3 reports representative blots related to the Bolero and Oro-A cultivars. According to northern blotting and one-dimensional immunoblotting, no endo-PG protein was detected in unripe Oro-A fruit, whereas two main spots at 43-44 kDa were documented in ripe Oro-A fruit (Fig. 3C) . The same 43-44 kDa spots were observed in unripe Bolero fruit. In addition, a more acidic spot at 45 kDa and two minor spots Fig. 1 Exocarp (A) and mesocarp (B) cell morphology in the slow ripening (SR) mutant and in ripe and unripe MF (Bolero) and NMF (Oro-A) fruit. During ripening, a partial loss of cell adhesion occurred exclusively in MF fruit (arrows) and was more marked in mesocarp than in exocarp. In the graph, the mean cell number per mm 2 , which was calculated to estimate cell size variations in exocarp and mesocarp during ripening, is reported. In NMF fruit, cell mean number per mm 2 was significantly lower in ripe than in unripe exocarp, whereas it was significantly higher in ripe than in unripe mesocarp. Scale bar: 20 lm. *Significantly different (P <0.05).
Endo-PG role in peach fruit texture and firmness | 4047 at 47 kDa, probably corresponding to the endo-PG precursor, were revealed in most of the unripe Bolero fruit samples analysed (Fig. 3A) . During Bolero fruit softening, the endo-PG isoform number increased considerably: in ripe fruit at least nine endo-PG isoforms were observed, six of them at ;43-45 kDa and three at a lower molecular weight (Fig. 3B) . Similar results were obtained by analysing the other NMF and MF cultivars (data not shown). On average, the isoform number significantly increased (P <0.01) from 461 to 9.760.76 in MF fruit during ripening and from 0 to 2.660.98 in NMF fruit (Fig. 3D) . However, in agreement with literature data (Morgutti et al., 2006) , the endo-PG activity was detected solely in MF fruit at ripeness (data not shown).
On the basis of literature data, in MF peaches only two different PG genes are expressed during ripening: PpPG2/ PRF5 whose mRNA level markedly increases during ripening and PpPG1 whose level of detected mRNA is negligible (Lester et al., 1994; Trainotti et al., 2006 Trainotti et al., , 2007 Murayama et al., 2009) . In the present experiment it cannot be excluded that some of the endo-PG isoforms detected were the products of different genes, although the antibody used was designed to detect specifically PpPG2/PRF5 protein sequences that are not conserved in the PpPG1 peptide and so far no endo-PG mRNAs or proteins different from PpPG2 have been proved to be consistently synthesized during ripening. However, to exclude that the antibody could have recognized proteins encoded by genes similar to PpPG2, the peach genome was searched and the expression of the eight genes most similar to PpPG2 and that of four additional genes, less similar to PpPG2 but identified by the ESTree consortium (ESTtree, see the web site http:// www.itb.cnr.it/estree/) which sequenced ;80 000 expressed sequence tags (ESTs), mostly from fruit libraries, was tested. None of these genes was found to be expressed in unripe and ripe Oro-A and Bolero fruit ( Supplementary  Fig. S1 and Table S1 at JXB online). Moreover, differences in the PpPG2 gene copies, present in the genome, were excluded on the basis of the work of Morgutti et al. (2006) . They found a single PpPG2 sequence expressed within each accession analysed and some single nucleotide polymorphisms (SNPs) among PpPG2 genes from NMF and MF cultivars. These results were also confirmed in the authors' laboratory (data not shown). Therefore, it was assumed that all the two-dimensional immunoblot spots observed arose by differential processing (co-translational and post-translational modifications) of the single PpPG2/PRF5 gene product.
In order to carry out a preliminary investigation on the nature of these protein isoforms, the presence of two important post-translational modifications, phosphorylation and glycosylation, was examined. Two of the 43-45 kDa spots in ripe Bolero extracts were glycosylated isoforms of endo-PG (Fig. 3E, F) . Nevertheless it cannot be excluded that the other more acidic proteins in the spot row were glycoproteins because multiple glycoforms often appear as a train of protein spots in two-dimensional analysis (Geyer and Geyer, 2006) and the sensitivity limit of the detection method was 25-100 ng of carbohydrates. Concerning phosphorylation, no protein shift determining a change in spot pattern was recognized after the protein treatment with kPPase, indicating that no endo-PG isoform was phosphorylated (Fig. 3G, H) .
Finally, on the basis of the isoform pattern and literature data (Della Penna and Bennett, 1988; Brummell and Harpster, 2001 ) the three endo-PG proteins with a molecular weight of <43 kDa, exclusively detected in ripe MF fruit, should be unglycosylated or poorly glycosylated endo-PG isoforms. They should represent the results of the proteolytic PG processing that occurs in at least two steps in tomatoes, the first being the co-translational removal of the signal sequence and the second the presumed post-translational removal of prosequences, whose function is still unknown. Indeed, only further molecular and mass spectrometry studies will clarify the differences among the endo-PG isoforms.
Endo-PG localization in fruit pericarp
The spatial distribution of endo-PG in peaches was investigated using the specifically developed antibody employed for immunoblotting. The ability of this antibody to recognize native endo-PG forms was tested by nondenaturing PAGE followed by western blotting (data not shown). In situ antibody specificity was additionally tested by saturating the antibody with the two peptides used for antibody production. No signals were observed in the sectioned fruit when the antibody was saturated, suggesting good antibody specificity for endo-PG protein(s) (data not shown). Moreover, slow ripening pericarp sections from fruit treated or not with ethylene were used as controls. No signal was detected in the pericarp of the SR mutant, Fig. 3 Analysis of endo-PG protein isoforms in Bolero and Oro-A cultivars during ripening. Two-dimensional immunoblotting in unripe Bolero fruit (A) showed three spots at 43-45 kDa and two minor spots at 47 kDa. During Bolero fruit softening the endo-PG isoform number increased considerably: at least nine endo-PG isoforms were observed, six of them at ;43-45 kDa and three at lower molecular weight (B). In Oro-A ripe fruit (C), two main spots at 43-44 kDa were observed. The isoform number during ripening of both MF and NMF fruit is reported in the graph (D). Phosphorylation and glycosylation assays were performed to reveal post-translational modifications: two of the 43-45 kDa spots in Bolero ripe extracts were glycosylated isoforms of endo-PG (E, F) whereas no endo-PG isoforms were phosphorylated (G, H), since no protein shift determining a change in spot pattern was revealed after kPPase treatment. *Significantly different (P <0.01).
Endo-PG role in peach fruit texture and firmness | 4049 whereas after ethylene treatment a clear fluorescence was observed in both the cytoplasm and cell wall, showing the newly synthesized endo-PG induced by ethylene (Fig. 4) . In agreement with immunoblot results (Fig. 2) , no signal was detected in unripe NMF fruit, whereas a very weak fluorescence was visualized in the same type of fruit at ripeness. Figure 5 reports a representative picture of ripe Oro-A fruit sections from exocarp (Fig. 5A, B) and mesocarp (Fig. 5C, D) where the weak fluorescence can be seen distributed in the cytoplasm and in the inner primary cell wall of both the exocarp and mesocarp cells. A similar weak florescent signal was also detected in unripe MF fruit. Figure 6 shows endo-PG detection in unripe Bolero fruit sections. The protein(s) was observed in both the exocarp (Fig. 6A, B) and mesocarp (Fig. 6C, D) and was mainly localized in the cytoplasm and inner cell wall. Only occasionally was the protein(s) observed in a position corresponding to the middle lamella (Fig. 6B, arrow) . During MF fruit softening, the intensity of the endo-PG signal increased significantly and, although a small fraction of the protein(s) was still localized in the pericarp cell cytoplasm, most endo-PGs were concentrated in the cell walls and often could be observed in the outer primary cell wall corresponding to the location of the middle lamella (Fig. 7) .
Discussion
For a long time fruit softening was mainly attributed to the disassembly of polysaccharide networks in the cell wall (Rose et al., 2003; Brummell, 2006) . PG-catalysed depolymerization of pectin in the primary wall and middle lamella was long believed to be the principal process underlying fruit softening, although this has been refuted through reverse genetics studies in tomato (Brummell and Harpster, 2001) . Only recently Saladiè and co-workers (2007) pointed out that other ripening-related physiological processes, such as cellular turgor and morphology, should play critical roles in fruit softening. They proposed a model in which the cuticle affects the softening of intact tomatoes both directly, by providing a physical support, and indirectly, by regulating the water status. They also highlighted the mechanistic distinction between a reduction in firmness, or resistance to compression, of intact fruit and ripening-related textural changes in the pericarp tissue.
In this study, the role of endo-PG in peach softening was investigated, taking into consideration the hypothesis that the reduction in firmness and the textural changes are two distinct processes based on different mechanisms as has been demonstrated in tomato. The availability of MF and NMF peach cultivars showing different softening behaviours is a useful tool for this purpose. In the present experiments the morphological analysis of MF and NMF pericarp tissues showed that during softening the mesocarp cells of both fruit types decreased their turgidity, losing their shape. These data agree with the reduction of cell turgor during softening previously demonstrated for tomato (Shackel et al., 1991; Saladiè et al., 2007) . Nevertheless, the comparison of the two types of ripe peach revealed that NMF mesocarp cells, unlike MF mesocarp cells, not only appeared less turgid but also put pressure on each other. The pressure seemed to originate from the exocarp layer in which cells increased their volume during softening and appeared larger and swollen. It can be supposed that during softening the water gradually moved from the mesocarp cells into exocarp cells driven by osmotically active solute concentrations and water transpiration. In this study this pericarp morphology was observed in all NMF cultivars analysed and in all fruit that lost firmness reaching values of ;10-20 N. Interestingly, recent analyses of the tomato cultivar 'Delayed Fruit Deterioration' (DFD), whose fruit undergo normal ripening but remain firm for at least 6 months after achieving a fully ripe stage, showed that fruit pericarp exhibited substantial swelling during ripening compared with normally softening 'Ailsa Craig' (AC) fruit. At the red ripening stage the mean cell size was significantly greater in DFD than in the AC fruit pericarp (Saladiè et al., 2007) . The authors demonstrated that the fruit cuticle plays a fundamental role in regulating the loss of firmness by modulating transpirational water loss.
In the present study the increase in cell size was observed only in the exocarp of NMF ripe fruit. Thus, during softening in both MF and NMF cultivar types, mesocarp cells lose their turgidity, but only in ripe NMF fruit do exocarp cells increase their size. It thus emerges that the change in cell turgidity is a process common to MF and NMF fruit but it can be speculated that, like in tomatoes, a less permeable cuticle should decrease transpirational water loss, reducing the softening in NMF. Indirect evidence supporting this hypothesis is that the decline of peach weight 2 weeks from harvest was greater in MF cultivars, suggesting greater water loss in this fruit (data not shown). Nevertheless, the involvement of cuticle structure and composition in peach fruit softening remains only a hypothesis to test in the future.
However, the morphology of the pericarp tissues was clearly different in ripe MF and NMF fruit also in terms of the presence of larger apoplastic spaces originating from the partial loss of cell wall adhesion in the whole MF pericarp. The partial cell separation is achieved by polyuronide degradation which is principally mediated in peaches by the endo-PG enzyme (Trainotti et al., 2003) . Therefore, to define the contribution of endo-PG degradation of pectins to softening, enzyme expression and localization were investigated. Endo-PG was detected in ripe NMF fruit and in both unripe and ripe MF fruit. Nevertheless, the detected amounts of endo-PG and the number of protein isoforms were significantly higher in ripe MF fruit pericarp, the only tissue in which the protein was localized in a position corresponding to the middle lamella and the enzyme activity was detected. Thus in ripe NMF and in MF fruit firmer than 25-30 N, no evident apoplastic space derived from the loss of cell adhesion was in fact observed. These data showed that endo-PG activity is highly regulated in ripening peaches at both the transcriptional and post-translational level. Moreover, the occurrence of large apoplastic spaces in ripe MF fruit only when the endo-PG was localized in the middle lamella reconfirmed the critical role of the enzyme in cell separation through pectin solubilization and depolymerization. The occurrence of cell separation takes place in parallel to the loss of firmness and, for this reason, it has been long believed that it was at least one of the molecular mechanisms causing softening. Nevertheless, the loss of firmness can also occur in NMF fruit in which endo-PG isoforms are few and expressed at a low level, and where the enzyme never localizes in the separation septum. In contrast, the loss of mesocarp cell turgidity is a physiological process common to both MF and NMF fruit softening. In their review, Vincent et al. (2007) highlighted the parallel relationship between fruit firmness and turgor, suggesting that changes in turgor are under cellular control and involve the accumulation of solutes (sugars, organic acids, ions, etc.) in the apoplast. From this perspective, in agreement with literature data (Shackel et al., 1991) , the depolymerization of pectins would release solutes into the apoplastic space, which could contribute to water reclamation and maintenance in this compartment. However, the physiological mechanism that could account for mesocarp cell turgor reduction during softening cannot be restricted to the sole presence of apoplastic solutes deriving from pectin solubilization/depolymerization, because the same turgor loss was observed in the mesocarp of ripe NMF fruit in which cells remained adherent. In conclusion, the data suggest that endo-PG may contribute to the loss of fruit firmness, releasing solutes in the apoplast and thus influencing cell turgor, but its activity is not essential for this process. In contrast, endo-PG function is definitely necessary to structure the melting flesh texture which is one of the most important factors determining consumers' perception of peach fruit quality (Bruhn, 1994) and is completely different from that characteristic in NMF fruit (Brovelli et al., 1998) . It is likely that this texture difference is mainly due to the presence/absence of apoplastic spaces and to the consequent diverse partitioning of solutes/water between the apoplast and symplast in the two types of fruit.
Taken together, the present results suggest that in peach, as in tomato, the loss of firmness and the textural changes seem to be related to different, though interconnected, cellular mechanisms: the cell turgor variation and the cell wall disassembly, respectively.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . Results of the RT-PCR experiment performed for 14 genes similar to PpPG2 identified in the peach genome, using the specific primer combinations reported in Supplementary Table S1 , on ripe and unripe Bolero and Oro-A fruits. N, Newton. Table S1 . Specific primers used in RT-PCR analysis.
